A method for estimating an anode-fall voltage of an arc discharge was developed. By using this method, the anode-fall voltages were evaluated for air arcs in atmosphere burning between the electrodes of copper, silver and tungsten. The anode-fall voltages V a of air arcs proved to be about 1.2, 4.5 and 1.2 V for the copper, silver and tungsten electrodes respectively and were found to be almost independent of the ac half-wave current from 350 up to 1500 A peak . From the above results, the difference in the anode material seems to lead to the variation in the anode-fall voltage.
Introduction
Arc discharges, usually established between metal electrodes, are widely used for industrial applications such as circuit breakers and plasma torches. As is known, the anode and cathode fall regions of an arc form in the vicinity of the anode and cathode surfaces. Anodic and cathodic phenomena of the arc, e.g. erosion and temperature rise, seem to depend upon the amount of energy injected into the anode and cathode surfaces. This energy transport to the anode and cathode is governed by the voltage falls in the regions (1) . Therefore, it is important to find out the anode-fall and cathode-fall voltages.
Much effort has been spent on the measurement of the voltage drops in the anode and cathode fall regions (1) (6) . However, most of the measurements were restricted to dc arcs at low currents below a few hundred amperes. In addition, there were less reports on the anode-fall voltage than those on the cathode-fall voltage.
From the viewpoint of the above, we have developed a method for measuring the anode-fall V a and the cathodefall V c individually (7) . This method was applied to an air arc between silver electrodes to find out the anodefall and the cathode-fall voltages in a current range of 350 to 1200 A peak (7) . This method consists of three procedures as mentioned below. First, in the case of anode, the erosion mass M a of an anode and the cross-section S a of an anode spot were measured for an ac arc burning during half cycle. Secondly, the numerical calculations of energy balance equations on the anode were executed for different V a and S a to derive the dependence of M a on V a and S a . Lastly, comparison between the both results enables us to derive an anode-fall voltage.
The above-mentioned method was applied to ac air arcs in atmosphere with electrodes of copper, silver and tungsten, used as the contact material in molded case circuit breakers or electro-magnetic switches, to find out the dependence of the anode-fall voltage on the anode material. The measurements of the anode-fall voltages for these materials were performed in a current range from 350 to 1500 A peak to discuss the influence of the current on the anode-fall voltage.
Measurement of Erosion Mass and
Cross-section of Anode Spot Fig. 1 illustrates the arc device and the current supply circuit. This arc device was installed in the atmosphere. In the arc device, an anode and a cathode discs of 5 mm in diameter and 1.5 mm in thickness were mounted. Copper, silver and tungsten were adopted as the electrode materials. The gap length between the electrodes was adjusted to be 5 mm.
Experimental Setup
An ac current with a frequency of 50 Hz was supplied from a 1600 µF capacitor bank through a 6.5 mH reactor. Then an arc is ignited between electrodes by the blowout of the very small-gage wire of 0.05 mm in diameter. For the electrodes of copper and tungsten the copper wire was used, and for silver electrode the silver wire was used. The peak value of the ac current was adjusted in the range from 350 to 1500 A. An auxiliary circuit breaker interrupted the ac current at the first current zero point. Fig. 2 indicates typical oscillograms of the ac current with a peak value of 1500 A and the corresponding arc voltage for an air arc between copper electrodes.
Erosion Mass of Anode
For the first step of estimating the anode-fall voltage, we measured the erosion mass M a of the anode. The difference in mass of the anode between before and after the arc discharge The erosion mass was assumed to be the mass loss caused only by the evaporation, since the scatter of liquid metal from the anode was not observed in the experiment. In addition, There were very few deposited metal particles on the anode surface which was carried from the cathode surface by the arc jet. This fact was confirmed by the measurement of the erosion mass with the combinations of "copper anode-silver cathode" and "silver anode-copper cathode", and by the fluorescent X-ray analysis of the anode suface after the arc discharge (8) . Furthermore, the effect of the blowout of the wire on the erosion mass can be neglected, as the mass of wire to ignite an arc is less than 0.003 mg even for 20 mm in length.
For a given current, measurements of the erosion mass were performed more than four times. A new anode and a new cathode discs were mounted before every measurement to set the electrodes in the same condition. Fig. 3 represents the measured erosion masses M a of the anode for the copper, silver and tungsten electrodes as a function of the peak value of the arc current. As shown in this figure, the erosion mass M a of the anode for the copper electrodes increases from about 0.2 to 1.0 mg with a rise in the peak value of the arc current from 500 to 1500 A. Similar rises in the erosion mass M a were found for the silver and tungsten electrodes. For the silver electrode, the mass M a varies from 0.05 to 0.4 mg with an increase in the arc current from 350 to 1200 A peak . For the tungsten electrode, M a is about 0.1 mg at the current of 500 A peak and reaches 0.5-0.9 mg at 1400 A peak . In addition, no sputterd droplets caused by the arc discharge were observed for all electrode materials in the above current range.
Cross-section of Anode Spot
In the next phase, the cross-section S a of the anode spot was measured. After an arc discharge, the anode surface was observed by a digital camera. Fig. 4 shows a typical photograph of a copper anode surface after an arc establishment for an ac current with a peak value of 1500 A. We regard the elliptic vestige of the ragged area on the anode surface resulting from an arc discharge, which is surrounded by the dashed line in Fig. 4 , as the anode spot, because of the short duration of arc discharge and the motionlessness of the anode spot observed by a high-speed video camera with a recording rate of 13,500 frames/s. From the picture, the crosssection S a was evaluated by visual observation. In the case of Fig. 4 , the cross-section S a was measured to be 6.4 mm 2 .
Similarly, the cross-sections of the anode spot were measured for a given current ranging up to 1500 A peak and for the copper, silver and tungsten electordes. Figure 5 indicates the obtained cross-section S a as a function of the peak value of the arc current. The cross-section S a for the copper anode was found to be about 2 mm 2 at the current of 500 A peak and reach about 6 mm 2 at the current of 1500 A peak with a rise in the peak value of the current. For the silver anode, S a was also extended from about 3 mm 2 to 14 mm 2 with an increase in the arc current from 350 to 1200 A peak . For the tungsten anode, the cross-section S a was found to vary from 4 to 11 mm 2 with a rise in the current from 500 to 1400 A peak .
Calculation of Energy Balance Equations on Anode
Concerning the silver, the previous paper have reported the method for determing the anode-fall voltage from M a and S a (7) . The anode-fall voltage V a for the copper and tungsten electrodes were derived in the similar way to that previously reported. The method will be described in the present chapter.
Expression for Temperature Distribution in Anode
The temperature T at the particular locations of the anode rises to the melting point T melt or up to the boiling point T boil of the anode material on account of the arc discharge. Thus the energy balance equations are given according to the temperature of the anode.
(
1) T < T melt
In case that the temperature T of the anode is lower than the melting point of the anode material, the heat conduction equation of the anode can be expressed by
where ρ is the density, C p is the specific heat and κ is the thermal conductivity of the anode material. In this equation, r is a radial coordinate from the central axis of the anode and z is a coordinate along the central axis of the anode respectively. The boundary condition at the end surface of the anode, on which an arc is established, is expressed by
where H evap is the heat of evaporation, ε is the emissivity of the anode material, σ is the Stefan-Boltzmann constant, j a is the current density of the anode spot and φ is the work function of the anode material (9) (11) . The quantity V a is assumed to be independent of the instantaneous value of the arc current. On the right side in this equation, the first, the second and the third terms represent the energy input to the anode spot, the loss by evaporation and the loss by radiation respectively (3) (11) . The variable W 1 is the evaporation rate (the erosion mass per unit time and per unit area) which can be written in the following form (12) (13) :
T , · · · · · · · · · · · · · · · · · · · · · · · (3)
where A and B are the constants and vary according to the electrode materials. The rate W 1 is very small and almost equal to zero when T is low, e.g. below melting point.
On another end surface of the anode connected to the current supply circuit, the temperature T is maintained at 300 K, i.e., the ambient air temperature T ∞ :
T | z=L a = T ∞ , · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (4)
where L a is the length of the anode.
For the boundary condition at the lateral surface of the anode, the evaporation, the radiation and the natural convective heat transfer are taken into consideration. The boundary condition is represented by
where R a (= 2.50 × 10 −3 m) is the radius of the anode and h is the heat transfer coefficient. The boundary condition along the central axis of the anode is expressed by ∂T ∂r r=0 = 0. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (6)
(2) T = T melt When the temperature T of the anode equals the melting point of the anode metal, the heat conduction of the anode is given by the following expression:
where W 2 is the meltrate per unit volume (the mass of molten material per unit time per unit volume) and H melt is the heat of fusion. Accordingly, the term W 2 H melt is the energy consumed only by the phase change of metal melting on anode per unit volume and per unit time.
For the boundary conditions at the end and side surfaces, Eqs. (2), (4) and (5) are used on occasions that T equals the melting temperature of the anode.
3) T melt < T < T boil
In the case that the temperature of the anode is higher than the melting point and lower than the boiling point of the anode material, Eqs. (1)∼(6) are used as the energy balance equations.
(4) T = T boil When the temperature T of the anode reaches the boiling point of the anode metal, the heat conduction of the anode can be expressed as follows:
where W 3 is the erosion mass (the mass of vaporized material) per unit time and per unit volume. From this equation, the erosion mass by evaporation is determined.
The boundary condition at the end surface of the anode for Eq. (8) is written by 4 . · · · · · · · · · · · · (9)
In this equation, the terms of the input to the anode spot and the loss by radiation were taken into account since the evaporation was considered in Eq. (8) .
For the boundary condition at the side surface, the following equation is used on occasions that T is equal to the boiling point of the anode material:
. · · · · · · · · · (10)
Current Density
The current density j a in Eqs. (2) and (9) has the radial profile of a parabolic distribution (14) . In our experiment, we provided a half cycle of the sinusoidal current i(t) = I peak sin(2πf t) to the arc device. Thus, for the calculation of the energy balance equations, j a is expressed as functions of radius and time, as follows.
The cross-section of the anode spot is assumed to vary proportionally with the instantaneous value of the arc current i(t), then the instantaneous cross-section s a (t) of the anode spot can be represented by s a (t) = S a sin(2πf t), · · · · · · · · · · · · · · · · · · · · · · · (11) where f is the frequency of the current, and the measured cross-section S a is regarded as that of the anode spot at the peak current I peak in the experiments described in Chapter 2. When the anode spot is replaced with the equivalent circle having the same cross-section, the equivalent radius r a (t) can be given by
. · · · · · · · · · · (12) Therefore the current density j a on the anode surface, having a radial profile, at the time of t can be written in the following form:
j a (r, t) = 2I peak S a 1 − r r a (t) 2 . · · · · · · · · · · (13)
Erosion Mass
For the surface and for the internal space of the anode, W 1 and W 3 can be integrated respectively. The erosion mass of the anode per unit time M a is given by the following form:
. · · · · · · · · · · · · · · · (14) Moreover, the time integral of the erosion mass M a per unit time enables us to obtain the erosion mass M a of the anode as the following expression:
M a dt.· · · · · · · · · · · · · · · · · · · · · · (15) In this equation, we define the integral time from 0 to 30 ms. As shown in Fig. 2 , the conducting period of the arc current t arc is 10 ms. Therefore, the above integral time is 20 ms longer than t arc . Since the temperature of the anode at the time of 30 ms seems much lower than the temperature before current zero, it is assumed no erosion of the anode is caused at the time of 30 ms. Melting point T melt [K] 1358 1235 3680 (15) Boiling point T boil [K] 2855 2437 5936 (15) Heat of fusion H melt [kJ/kg] 206 102 190 (20) Heat of evaporation H evap [kJ/kg] 4815 2365 4348 (20) Emissivity ε 0.02 0.02 0.20 (21) 
4.5 4.3 4.5 (22) A (in equation (3) Table 1 and Figs. 6 and 7 show the representative values of physical properties of the anode materials used for the numerical calculation of the energy balance equations. In this table, thermal conductivity κ is regarded as constant value since temperature variations in thermal conductivity of pure copper and silver are very small for medium and high temperatures (18) . For the tungsten, thermal conductivity κ is set to become gradually lower from 180 W/(m·K) at 300 K to 92 W/(m·K) at 3000 K and to 80 W/(m·K) at 5936 K (18) (19) . We numerically solved the above Eqs. (1)∼(10), (12)∼ (15) for temporary values of V a and S a for a given value of the current. Figure 8 shows typical examples of the time variations in (a) the given arc current, (b) the temperature at the center of the anode surface and (c) the erosion These waveforms were obtained on the conditions of an ac current of 1500 A peak with a frequency of 50 Hz, S a of 7.0 mm 2 and V a of 1.0 V.
Result of Calculation
With a rise in the arc current i, the temperature T of anode surface is increasing. The anode metal starts to be eroded at the time t = 3.0 ms, i = 1200 A and T = 2500 K. The temperature T reaches T boil at the time of 4.5 ms. The erosion of the anode is observed until the current zero point, during T = T boil . Subsequently, the anode temperature begins to drop drastically at the time of the current zero, and no erosion is found after the current zero point.
In the case of Fig. 8 , M a was calculated to be 0.62 mg from M a shown in Fig. 8 using Eq. (15).
In the same way, the numerical analyses were carried out in order to derive the erosion mass of the copper anode M a for various pairs of anode-fall voltages V a and cross sectional areas S a . The solid lines shown in Fig. 4.1 indicate the derived M a for an arc current of 1500 A peak . The use of this figure enables us to estimate the anodefall voltage V a as explained in next section.
Anode-fall Voltage of Air Arc in Atmosphere

Estimation of Anode-fall Voltage
As described in Chapter 2, the erosion mass M a of the anode and the cross sectional area S a of the anode spot were measured. On the condition of the arc current with a peak value of 1500 A, a filled circle marked with "A" is plotted in Fig. 4.1 at the position corresponding to the measured M a of 0.93 mg and S a of 6.4 mm 2 . The positional relation between the plotted datum "A" and the theoretical curves enables us to estimate the anode-fall voltage at approximately 1.1 V for the air arc between copper electrodes. Fig. 9 . Theoretical curves of erosion mass of copper anode as a function of cross-section of anode spot for arc current of 1500 A peak . Anode-fall voltage for copper electrode is taken as a parameter Fig. 10 . Estimated anode-fall voltages for copper, silver and tungsten electrodes as a function of peak value of arc current
Anode-fall Voltage at Currrents Up to 1500 A
Similar procedures were made to derive theoretical curves of the erosion mass M a as functions of the cross-section S a and the anode-fall V a for different peak values of the current in the range of 500 to 1500 A. Figure 4 .1 shows the derived anode-fall V a as a function of the peak value of the arc current. As seen in this figure, the anode-fall voltage V a of an air arc between copper electrodes is found to be about 1.2 V and almost independent of the arc current in the above range.
In the same way, V a for the silver and tungsten electrodes were determined. In Fig. 4.1 , the anode-fall voltages of air arcs in atmosphere for the silver and tungsten electrodes are also represented as a function of the peak value of the arc current in addition to the copper electrode. From this figure, the following features are pointed out.
( 1 ) For the silver, the deduced anode-fall voltage is found to be almost constant in a wide range from 350 A peak up to 1200 A peak . The voltage V a for the tungsten electrode also prove to have the independency of the arc current ranging up to 1400 A peak as found for the copper.
( 2 ) For the silver electrode, the averaged anode-fall voltage V a is estimated to be 4.5 V, which is 3.3 V higher than that for the copper electrode.
( 3 ) The averaged anode-fall voltage V a for the tungsten electrode is derived to be about 1.2 V. This voltage is as almost high as that for the copper electrode and 3.3 V lower than the averaged V a for the silver electrode.
( 4 ) From the above results, it is also found that the difference in the anode material may vary the anode-fall voltage.
( 5 ) With reference to other reserch reports, for copper electrode, the voltage V a of argon arc was obtained to be about 5 V for dc current of 10 A by Dickson and Engel (2) , which is 3.8 V higher than that derived by our method. For tungsten electrode, Ando (24) proved the anode-fall V a of dc argon arc to be about 3.1 V in the current range from 30 to 100 A. This voltage is 1.9 V larger than that estimated by our method, however the similar independency of the arc current was found.
( 6 ) As written in Section 3.1, it was assumed that the voltage V a is independent of the time variation in the arc current i during the conducting period. The obtained anode-fall voltage V a in this section has almost constant value for various peak values of the current ranging up to 1500 A for the copper, silver and tungsten. Therefore, the self-contradiction did not appear between the assumption and the result of the measurment. In addition, the independency of V a in the arc current was also found in the report (24) for various values of dc current. Thus, these facts indicates the assumption seemed to be valid.
Conclusion
A method for estimating the anode-fall voltage of an arc discharge was developed and the anode-fall voltages of air arcs in atmosphere for the electrodes of copper, silver and tungsten were measured in a current range up to 1500 A by using the method. The obtained anode-fall voltages for these materials proved to have the constant value and to be almost independent of the arc current in the range above. The anode-fall voltage V a for the copper electrode was found to be about 1.2 V which was 3.3 V lower than that for the silver electrode and as high as that for the tungsten electrode. Consequently, the dissimilarity in the anode material seems to lead to the variation in the anode-fall voltage V a .
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